Results are presented from two-dimensional direct numerical simulations of sediment wave formation via a succession of erosional and depositional turbidity currents. For currents propagating down a slope, we observe the formation of upstream migrating periodic sediment waves. The strength of the wave formation process is discussed as function of the governing dimensionless parameters.
Introduction
Turbidity currents represent a special class of gravity currents in lakes or the ocean in which the density difference between the current and the ambient fluid is caused by suspended particles ( 10 ) . As a result of their depositional and/or erosional nature, various topographical features can form in the submarine environment ( 5 , 4 ), such as meandering channels, levees, gullies, and sediment waves ( 19 , 11 , 12 , 18 ). In the present study our focus will be on sediment waves, which are large, dune-like structures that form over time as a result of differential deposition/erosion from successive turbidity currents. Numerous authors have studied turbidity-current generated sediment waves in the field ( 17 , 7 , 8 , 6 ). In spite of recent linear stability work ( 9 ), detailed information about their formation and maintenance remains largely unavailable, for example on the influence of the flow parameters on the wavelength of the waves. While most previous modeling efforts have considered depth-averaged approaches for modeling turbidity currents ( 7 ), more recently depth-resolved numerical simulations of turbidity currents have become feasible as a result of increased computational power (  1 and  16 ). Specifically, 16 simulated successive turbidity currents that resulted in the development of sediment waves on the lee side of an initial obstacle. Here we will explore the possibility of sediment wave generation without the presence of such an obstacle. Fig. 1 . Schematic of the lock-exchange configuration employed to produce turbidity currents flowing down a slope. The heavier suspension of densityρ 1 is initially at rest and separated from the lighter ambient fluid of densityρ 0 . Upon release, a bottom hugging turbidity current forms and travels down the slope. The solid boundary (Γ) is assumed to be erodible. Hence, as the current propagates along the bottom surface, particles can be resuspended back into the fluid due to shear stress acting on the erodible bed.
Towards this end, we will simulate two-dimensional turbidity currents using direct numerical simulations (DNS), in order to capture any important depth-varying flow structures that may contribute to wave formation on an initially flat surface. The simulations to be discussed in the following will consider successive turbidity flows produced in a lock-exchange configuration flowing down an inclined slope (see figure 1 ).
Model description and governing equations
Repeated occurance of turbidity currents in submarine environments has a significant role in the formation of various underwater shapes. In the present investigation, we study the formation of sediment waves, as their formation caused by turbidity currents is of particular interest in geological and environmental studies. Figure 1 shows the schematic of the current problem setup. At time zero, the suspension is at rest and includes particle of uniform size. Then, the membrane is removed and a turbidity current forms due to density difference caused by the suspended particulate matter. As the current evolves and travels down the inclined surface, we allow for particles to settle on the bottom topography.
Turbidity currents in natural situations can give rise to both bedload transport and suspended loads. We focus on the influence of suspended sediment loads, based on the model proposed by 2 to account for erosion from the sediment bed into the flow. We conduct DNS simulations by means of our in-house code TURBINS ( 14 ). TURBINS employs a finite-difference discretization of the Navier-Stokes equations, along with a fractional projection method and third order TVD-RK3 time integration. Numerical details, validation data, and comparisons with experiments are provided in 15 , 14 , and 13 . We present a brief summary of the governing equations in the following. Evolution of the fluid motion is governed by the incompressible Navier-Stokes equations in the Boussinesq approximation
where Re and e g denote the Reynolds number and the unit vector acting in the direction of gravity, respectively. The Reynolds number in equation (2) is given as
whereû b ,Ĥ andν indicate, respectively, the buoyancy velocity, lock height, and the kinematic viscosity of the fluid.
In the above set of equations, we employ the buoyancy velocitŷ
and half of the lock heightĤ/2 (see figure 1 ) to make flow quantities dimensionless. In equation (4),ρ p ,ρ 0 , and C 0 denote particle material density, density of the ambient fluid, and the initial volume fraction of particles in the lock, respectively. We remark that aˆ-sign refers to a dimensional quantity. Assuming a dilute particulate phase, we employ a continuum description of the sediment concentration field c(x, t) and evolve it in an Eulerian manner by
Here, S c represents the Schmidt number associated with the diffusion of the sediment concentration field c. We generally employ S c = 1 and refer to 3 for a discussion of the influence of the Schmidt number on the dynamics of gravity currents. As for the dimensionless settling velocity u s , for small particle sizes and in the low Reynolds number regime, we employ the Stokes settling velocity for spherical particles.
Erosion and deposition
The detailed grain-scale dynamics of sediment erosion are very complex and not yet well understood. To capture the essential aspects of this phenomenon, we employ the simplified model of 2 . While this empirical model does not resolve the turbulent motions near the bottom boundary, it does provide the erosional inflow of particles into the current as a diffusive flux ( 1 ), which may capture the true dynamics more closely thanalternate approaches, such as the somewhat arbitrary distribution of the eroded particles over several computational grid spacings adjacent to the bottom boundary employed by other authors.
Everywhere along the bottom surface Γ (see figure 1 ), we enforce a Neumann boundary condition with a non-zero flux, i.e.
Here, η and E s denote the wall-normal distance and the erosion flux, respectively. The resuspension flux E s is defined as
with a = 1.3 × 10 −7 and Z as the erosion parameter. 2 set the maximum value of E s = 0.3/C 0 , thereby providing a saturation mechanism for particle erosion from the bed. Following the erosion model proposed by 2 , Z in equation (7) is given as 
In equation (8), u * and Re p denote the dimensionless shear velocity computed at the bottom wall
and the particle Reynolds number
In the above equations, u t andd p represent, respectively, the tangential velocity at the bottom boundary and the particle diameter.
The computational setup employs a channel of size L x × L y = 40 × 3. The Cartesian grid in the x-and y-directions is uniformly spaced with Δx = 0.0392 and Δy = 0.0125. We enforce no-slip conditions everywhere on the boundaries except for the right wall (at x = L x ) where a non-reflective convective outflow condition of the form
is employed. Here,Ū represents the maximum u-velocity value in the domain, while q can refer to any transported flow variable. For the density field c, we impose no-flux conditions at the top wall.
The lock has dimesions of L s × H = 5 × 2 (see figure 1) . The suspension in the lock region contains spherical particles of material densityρ p = 3, 200 kg/m 3 and diameterd p = 2.5 × 10 −5 m (silt). We assume C 0 = 0.01 which results in a dimensionless settling velocity equal to u s = 0.01. Water with densityρ 0 = 1, 000 kg/m 3 and kinematic viscosity equal toν = 10 −6 m 2 /s is assumed for the ambient fluid. Thus, the particle Reynolds number has a value of Re p = 0.58, cf. equation (10).
Results and discussions
In order to examine erosion on a macroscale, we consider the formation of sediment waves under the influence of ten succuessive turbidity currents.
Setup
For these simulations, the characteristic length scale was chosen to be half the lock height. The lock was set atop an initially flat ramp, and filled with 1% concentration monodisperse sediment. Thanks to the immersed boundary method employed in TURBINS, shear stress at the fluid-sediment boundary could be accurately modeled, and even sub-grid scale changes in the bottom geometry resulted in changes to the behavior of the flow. However, because TURBINS does not dynamically update the bottom geometry during the simulation, we could only update it in between successive flows. Additionally, in order to ensure that the total suspension mass released in each each flow was the same, we cleared the lock of any sediment that may have deposited during the previous simulation. For each combination of input parameters (settling velocity, flow height, Reynolds number, and slope) we modeled 10 successive flows in hope of capturing the characteristic upslope migration that has been observed in such features. In the simulations, bottom shear stress (and thus entrainment, which is modeled as being proportional to shear stress to the 5th power) is high at the flow front and drops off rapidly. However, shear stress then increases again several times behind the flow front. This behavior appears to be related to the formation of Kelvin-Helmholtz instabilities at the upper interface of the flow (see figure 2) . Our baseline simulations were performed with Re = 2, 000, u s = 0.01, and slope = 0.04 (see figure 3) . In this series of flows, several upslope migrating waveforms developed on the initially flat ramp. Two locations were significantly net erosive: the top of the ramp and about halfway down the ramp. We now compare this baseline case against several others, in each of which one parameter was changed while keeping the others constant.
Effects of Re with constant u s and slope
Increasing the Reynolds number from 2,000 to 3,000 greatly dampened the development of sediment waves on the ramp (see figure 4) . We infer that the main reason for this is that an increased Reynolds number implies a larger effective characteristic length scale (if viscosity, gravity etc. are kept constant), and thus a larger effective particle diameter. As the Reynolds number increases, with all other parameters remaining the same, erosion decreases. 
Effects of u s with constant Re and slope
Similarly, increasing the settling velocity of the sediment has a strong dampening effect on the development of sediment waves on the ramp (see figure 5) . In this case, we doubled the settling velocity from u s = 0.01 to u s = 0.02, which also represents an increase in particle diameter and, thus, a decrease in the ability of the flow to entrain sediment into the water column. Notably, both these simulations and the simulations at Re = 3, 000 resulted in the development of Kelvin-Helmholtz instabilities at the upper interface of the flows.
Effects of slope with constant Re and u s
Lastly, halving the slope from 0.04 to 0.02 has a remarkably small effect on the development of sediment waves on the ramp (see figure 6 ). Several sets of upslope-migrating waveforms still develop. The primary difference between this set of simulations and our baseline case is that here the flows are no longer net-erosive anywhere on the ramp. So the decrease in potential energy and gravitational acceleration of the sediment-laden fluid does result in a small decrease in erosive potential, but not enough to significantly dampen the development of waveforms. Overall, it appears that a better understanding of erosion on the microscale is critically important to any real understanding of erosion on the macroscale, and thus to an understanding of sedimentary phenomena that rely heavily upon erosion, such as turbidity-current-generated sediment waves.
